Abstract: The organization of functional brain networks changes across human lifespan. The present study analyzed functional brain networks in healthy full-term infants (N 5 139) within 1-6 days from birth by measuring neural synchrony in EEG recordings during quiet sleep. Large-scale phase synchronization was measured in six frequency bands with the Phase Lag Index. Macroscopic network organization characteristics were quantified by constructing unweighted minimum spanning tree graphs. The cortical networks in early infancy were found to be significantly more hierarchical and had a more cost-efficient organization compared with MST of random control networks, more so in the theta and alpha than in other frequency bands. Frontal and parietal sites acted as the main hubs of these networks, the topological characteristics of which were associated with gestation age (GA). This suggests that individual differences in network topology are related to cortical maturation during the prenatal period, when functional networks shift from strictly centralized toward segregated configurations. Hum Brain Mapp 38:4019-4033, 2017.
INTRODUCTION
Efficient communication between brain regions in both micro-and macroscopic scales is essential for healthy cognitive functioning [Bassett et al., 2009; Uhlhaas et al., 2010; Van den Heuvel et al., 2017; Varela et al., 2001] . The establishment of synaptic connections between cortical neurons forming highly organized cortical networks has been suggested as a hallmark of neuronal maturation [Boersma et al., 2011] . Previous infant studies found that genetic factors and sensory input are both crucial for the development of cortical networks [for a review, see Khazipov and Luhmann, 2006] . Neuronal communication between brain areas, assessed through temporal coupling/dependency between spatially remote neuronal assemblies [termed "functional connectivity" (FC)] can be measured by phase synchronization of neural rhythms. FC has been shown to develop throughout the human lifespan [Fransson et al., 2007 , Uhlhaas et al., 2009 . Therefore, it is important to determine the characteristics of functional cortical networks at birth, the point at which the environmental stimulation radically changes from that of the preceding fetal period. The aim of the present study was to assess the organization of large-scale functional brain networks in newborn infants during quiet sleep and explore its relationship with gestational age (index of prenatal maturation) and variables characterizing possible prenatal influences on brain maturation, such as some general clinical risk factors of the mother and the offspring.
The structural and functional organizational principles of brain networks can be examined by brain networks represented as graphs, an abstract mathematical description of the elements of the network and their interactions [for reviews, see Stam, 2014; Varela et al., 2001] . In healthy adults, in rest or in a no-task condition, EEG/MEG functional networks take the form of the cost-efficient "smallworld" organization, which provides optimal ratio of direct communication between closely spaced and separated brain areas [Stam and van Straaten, 2012] . The smallworld network organization combines the high-level functional segregation/clustering of ordered regular networks (which enable fast information flow within local subnetworks) with the short path length of random networks (which enable efficient large-scale integration of subnetworks). These neuronal networks also display hierarchical modular topology [see De Haan et al., 2012; Van den Heuvel and Pol, 2010] , and include densely connected "hub" regions, which can serve as coordination centers [Achard et al., 2006] .
The large majority of studies investigating the development of FC in infancy have assessed either FC differences between preterm or extremely low birth-weight infants and full-term newborns [Gonz alez et al., 2011; Grieve et al., 2008; Meijer et al., 2014; Omidvarnia et al., 2014; Pereda et al., 2006] or longitudinal changes in FC following preterm birth [Jennekens et al., 2012; Myers et al., 2012] . Important observations of these studies are (1) rapid increase in fronto-parietal connectivity in preterm population from day one to three [Schumacher et al., 2015] and (2) stronger connectivity in healthy relative to extremely low birth-weight newborns [Grieve et al., 2008] . So far, only few studies assessed the early development EEG brain networks in healthy newborns [Omidvarnia et al., 2014 , Tokariev et al., 2015 . During the first 2 weeks from birth, an increase in interhemispheric phase synchrony was observed together with a concurrent decrease in the ratio of intra-/interhemispheric connections in the low delta range [Tokariev et al., 2015] . Omidvarnia et al. [2014] showed that functional network organization during late gestation exhibits salient spatially selective developmental trajectories: subnetwork clustering increases in anterior and decreases in posterior cortical areas, as was shown both for the 3-8 Hz and even stronger for the 5-18 Hz frequency range. These results represent network reorganization resulting from maturation or change in the external stimulation after birth. Subnetworks further develop later during infancy and they are gradually differentiated during childhood possibly in relation to the development of cognitive abilities [Ferreira and Busatto, 2013; Van den Heuvel and Pol, 2010] . From a graph-theoretical perspective, FC between 5 and 7 years of age already exhibits the economical trade-off between high level clustering and short path [Bathelt et al., 2013 , Boersma et al., 2011 Fair et al., 2008; Micheloyannis et al., 2006; Power et al., 2010; Supekar et al., 2009; Smit et al., 2012] . Although these and similar results clearly demonstrate that FC patterns are potential indicators of cortical immaturity, yet little is known about the effects of prenatal development on FC in healthy newborn infants.
In the present study, EEG has been recorded during quiet sleep in healthy newborn infants born to term. The most frequent quiet sleep state [Prechtl, 1974] was chosen because it is easily identifiable and it is the dominant vigilance state of the newborns; further, it has been associated with postmenstrual age [Dulce et al., 2007; Duffy et al., 2003] . The characteristic features of FC have been extracted from EEG by calculating phase synchronization (measured as phase lag index, PLI; [Stam et al., 2007] ) and represented using the graph-theoretical measures of minimum spanning tree (MST) topologies [Boersma et al., 2013, Stam and van Straaten, 2012; Stam et al., 2014; Tewarie et al., 2015] . The PLI measure reduces the effects of volume conduction (the effects of common sources on the EEG signal) and it is (largely) independent of the reference electrode [Martin and Chao, 2001] . PLI has been previously employed in measuring newborn infants' EEG-based FC [Gonz alez et al., 2011] . The MST network representation was chosen, because the common measures of network topology are highly dependent on the connections available in a network and the number of connections per network node. This leads to biased differences in network comparisons . The MST calculation overcomes the bias of network density and degree without any additional normalization step by forming an acyclic subnetwork that connects all nodes via a fixed number of edges Tewarie et al., 2015] . Therefore, MST was used to filter each network in order to increase comparability between measures extracted for different infants and frequency ranges. Further, using the MST subset of connections allows calculation of additional network properties, such as the degree of hierarchical organization across infant functional networks. Medical/biological data about the gestation age, the mother, and the infant were collected and their relationship with the characteristics of the functional networks was determined for assessing their possible association with brain maturation. In particular, we expected that (1) the topology of functional networks r T oth et al. r r 4020 r will vary as a function of the underlying oscillatory frequencies and that (2) longer gestation age, higher birthweight, and optimal cardiovascular measures of the mother will result in more mature infantile network topologies (closer to the organization that combines the optimal ratio between functionally integrated and segregated networks).
MATERIALS AND METHODS

Participants
EEG was recorded in 164 healthy, full-term (gestation age (GA) 36 weeks and above) newborn infants (90 male) during day 1-6 postpartum. Data of 25 infants were excluded based on the criterion of retaining overall 140 seconds of EEG signal after artifact rejection (at least 35 epochs of 4,096 ms duration). Thus, 139 healthy, full-term new-born infants (76 male) were included in the final sample. Table I summarizes descriptive statistics of medical/  biological measures, whereas Supporting Information  Table 1 shows the distribution of categorical data in our sample.
Procedure, Electroencephalographic Recording
EEG was recorded in a dedicated experimental room at the Department of Obstetrics-Gynecology and Perinatal Intensive Care Unit, Military Hospital, Budapest. Informed consent was obtained from one or both parents. The mother of the infant could opt to be present during the recording. The study was conducted in full accordance with the World Medical Association Helsinki Declaration and all applicable national laws; it was approved by the relevant ethics committee: Medical Research CouncilCommittee of Scientific and Research Ethics (ETT-TUKEB), Hungary. The infants in our sample participated in one or more other EEG studies on sound processing within the same session. The EEG data reported here was always recorded first within the session.
Five minutes of spontaneous EEG was recorded during quiet sleep with Ag/AgCl electrodes attached to the scalp at the Fp1, Fp2, Fz, F3, F4, F7, F8, T3, T4, Cz, C3, C4, Pz, P3, P4 locations according to the International 10-20 system. The reference electrode was placed on the tip of the nose and the ground electrode on the forehead. Eye movements were monitored with two bipolarly connected electrodes: one placed lateral to the outer canthus of left eye and the other above the left eye. EEG was digitized with 24 bit resolution at a sampling rate of 1 kHz by a directcoupled amplifier (V-Amp, Brain Products GmbH). The signals were on-line low-pass filtered at 110 Hz. The impedance values were monitored throughout the recording session (average impedance 9.89 kX 6 9.72). Although high impedance can introduce additional noise into the recordings, it should not be systematic in the entire group and its effects are mitigated by filtering out the very low frequencies, which may be contaminated by drifts. Furthermore, the strict impedance criteria used in adults is unfeasible in newborn infants where abrasive preparation must be milder. Infants' sleep state was determined based on behavioral criteria set up by Anders et al. [1971] . Only infants that were in quiet sleep for the whole 5 minute duration were included in the study. In addition to the behavioral criteria employed, the EEG signal was visually inspected (ensuring that muscle tension was tonic, respiration regular, and eyes movements were absent).
EEG Data Analysis
The raw EEG signals were off-line filtered (band-bass, Hamming windowed Fast Fourier Transform) in the 0.5-45 Hz frequency range. EEG data were then segmented into 4,096 ms long epochs. If physiological (eye movements, muscle artifacts) or external (i.e., environmental noise) artefacts were found, the epoch was rejected from the further analysis. A minimum of 35 epochs was considered sufficient [Hillebrand et al., 2012; Tewarie et al., 2015] for further functional connectivity analysis. The final dataset consisted on average of 55.54 (SD 5 14.88) epochs/participant. The selected EEG epochs were bandpass filtered (without phase distortion using zero phase band-bass, Hamming windowed Fast Fourier Transform; [Delorme and Makeig, 2004] ) into five frequency bands [Fraschini, et al., 2016; Hillebrand et al., 2012; Omidvarnia et al., 2014] . The strength of FC was quantified by measuring phase synchronization between EEG channels, separately in five frequency bands and for each epoch. The level of FC between any two signals is defined as the phase lag synchronization strength measured by PLI. PLI reflects the consistency by which one signal is phase leading or lagging with respect to another signal [Stam et al., 2007] . Specifically, the PLI measures the asymmetry in the distribution of the phase differences obtained from the instantaneous phases of the two time series (here the time series corresponding to the recordings from two EEG channels). It can be expressed in the following way:
where Du t k ð Þ refers to the time series of phase differences (t) calculated over all k 5 1. . .N time points of a trial, sign refers to the signum function, hi refers to the mean value, and jj denotes the absolute value. PLI is expressed as a value between 0 (random phase difference: minimum strength of functional connectivity) and 1 (constant phase difference: maximum strength of functional connectivity). PLI was calculated by using the BrainWave software version 0.9.151.5 [available at http://home.kpn.nl/stam7883/ brainwave.html]. Graph construction was based on the full connectivity matrix constructed from the PLI values obtained for each pair of electrodes.
Graph-Theoretical Analysis
In order to investigate the global topological organization of infant functional brain networks, the graph theoretical representation of the functional connectivity matrix was created by the MST approach [Boersma et al., 2013, Stam and van Straaten, 2012] . The MST graph of a connectivity matrix is a graph in which all nodes (electrodes) are connected using the strongest available connections and without forming loops. As a consequence, only one path connects any pair of nodes. MST graphs were generated separately for each infant, epoch, and frequency band. Graph metrics computed from MSTs are strongly related to those computed from the original network as characterized by weighted connections between each pair of nodes [Tewarie et al., 2015] . The characteristics extracted from the graphs derived by the MST approach have been successfully employed for describing FC network properties (e.g., hierarchical structure, degree distribution, etc.) of healthy adults and patient groups with neurodegenerative disorders, such as epilepsy and multiple sclerosis [for review, see Stam et al., 2014] . For the current analysis, MST connectivity networks were derived by the Kruskal's algorithm [Kruskal, 1956] . Following the construction of MSTs, global and node-specific network characteristics (see Fig. 4 ) were quantified based on the measures described by Stam et al. [2014] . "Degree Centrality" (DEG) is the number of edges connected to a node. "Betweenness Centrality" (BC) is a measure of the node's "hubness" within the network. It is defined as the normalized fraction of all shortest paths connecting two nodes that pass through the particular node [for detailed mathematical description see Newman and Girvan, 2004; Stam et al., 2014] . The DEG and BC measures were calculated for each node separately and the maximum values within each MST were included in the statistical analyses as global characteristics of the MST (MaxDEG and MaxBC, respectively). "Leaf Fraction" (LF) is the number of nodes with only 1 connected edge divided by the total number of nodes in the MST. "Diameter" (DIAM) is the largest distance between any two nodes within the MST, where distance refers to the minimum number of edges required to proceed from one node to another (the shortest path). "Tree Hierarchy" (TH) assesses how hierarchical a given network is compared with the so called "star-like network organization." The calculation of TH is based on the values of MaxBC and LF [for a detailed mathematical description, see Boersma et al., 2013; Tewarie et al., 2015] . TH ranges from 0 (indicating a line-like topology) to 1; for the star-like topology, TH approaches 0.5. The optimal TH is somewhere between a line and a star-like topology; the higher the TH, the better the tradeoff between integration and differentiation in an MST. MST network characteristics values were normalized by dividing them by the number of EEG signals measured. The global MST network characteristics were averaged across epochs, separately for each infant and frequency band.
For assessing whether the graph-theory based descriptions of the FCs represent common tendencies for the current group of infants, brain network characteristics were compared with those of referential random networks. Random networks were generated by a permutation based procedure preserving the degree distribution of the original network: (1) the PLI values within the connectivity matrix were permuted for each epoch, yielding identical number of connectivity matrices for random network assessment that was extracted for the actual infant network; (2) random-network MST graphs and their characteristics were quantified the same way as was described above for the actual data. Additionally, for testing the robustness of the above random-network creation procedure, the procedure was repeated 1,000 times for each epoch and the extracted network metrics were averaged separately for each infant. Statistical testing the difference between the actual infant and the referential networks was then done twice (see next section).
MST graphs may also be used for extracting information about the common topography of functional networks r T oth et al. r r 4022 r within the group of infants. Therefore, the distribution of the node characteristics Betweeness Centrality and Degree Centrality over the scalp was calculated. The scalp distributions of these centrality values allow identifying regions of the brain that serve as hubs for the information flow in each frequency bands. Thus, for each node (electrode), infant, and frequency band, the average DEG and BC values were computed and their scalp distributions were calculated.
Statistical Analysis
Statistical analysis was performed with the SPSS software package [version 20.0; IBM Corp., 2011] . For testing whether the observed functional networks represent characteristics of the infant's brain, repeated-measures Analyses of Variance (ANOVA) were used to compare the characteristics of random network and the infant FC networks of each frequency band (NETWORK TYPE 3 BAND) separately for each MST network characteristic (MaxDEG, MaxBC, LF, DIAM, and TH). GreenhouseGeisser correction was employed to correct for sphericity violations [Greenhouse and Geisser, 1959 ] and Mauchly's W (e) and the significance value of the sphericity test (p e ) are listed for the affected analyses. Effect sizes (partial eta squared, g 2 ) are also shown for each ANOVA test. For testing the homogeneity of the scalp distributions of the node indices of the infant brain networks, one-way ANOVAs were used to compare the spatial characteristics of these node measures (NODE LOCATION), separately for each frequency band and network characteristic (DEG, BC). Bonferroni correction was applied to the post-hoc pairwise comparisons. For testing the robustness of the random-network creation procedure, the networks resulting from the 1,000 repetition of the random-network procedure were compared with the actual infant networks by Mann-Whitney U tests, separetaly for each MST measure and frequency band.
By following a data-driven Forward algorithm 1 , linear regression models [Pearson, 1895] were constructed for assessing the relationship between medical/biological data and functional network characteristics (DEGMax, BCMax, LF, DIAM, and TH), separately for each frequency band. To avoid distorted results, we controlled the skewness value of variables with the "rule of thumb" threshold of 21.0 1.0 [Pearson, 1895] . This type of filtering allowed us to enter into analyses the following variables: "gestation age" (GA), "infant's birth weight" (BW), "infant's age at the time of the recording" (IA), "mother's age" (MA), "mother's postpartum weight" (MW), and "mother's height" (MH) . Given that we assume that regression models are independent from each other and also that a relatively small number of predictors and models were analyzed, the alpha level of 0.05 was used to evaluate statistical results [see also at Gelman et al., 2012] . In order to test whether the observed correlations between GA and some MST metrics are independent of the average spectral power, average connectivity strength and average MST connectivity strength, Pearson's correlation was calculated between these variables and GA. Furthermore Pearson's correlation was also calculated between the average connectivity strength average on one hand and MST connectivity strength and MST metrics on the other hand. All PLI values from the connectivity matrix were averaged for the average connectivity matrix strength index, separately for each infant. For the average MST strength index, all PLI values from each MST graph were averaged, separately for each infant. The relative spectral power of each EEG channel was calculated and then averaged across channels, yielding average spectral power indices, separately for each frequency band and infant. The relative spectral power for each frequency band was defined as the ratio of absolute power (defined as the sum of all power within the frequency band) to total power of the signal (expressed in percentage). Multiple comparisons were corrected using a randomization (permutation) method. First, all EEG indices (MST strength index, average PLI and spectral power, for all frequency bands) were collected into a "family," then correlated with the GA. The significance levels were determined the following way: the distribution of the absolute value of correlation coefficients under the null hypothesis was estimated for GA by permuting its values 10,000 times and correlating the family of EEG measures. The highest absolute correlation was registered from each permutation run. The P-value of the observed correlation was established as the proportion of the extracted maximal absolute correlation coefficients that were higher than or equal to the absolute value of the actual correlation.
RESULTS
For illustrating the topologies of the FC networks, a group-averaged connectivity matrix was constructed for each frequency band. To eliminate spurious connections, the PLI values for all epochs were sorted separately for each electrode pair in each frequency band and the upper and lower 5% was removed before averaging and constructing the MST. Furthermore, consistency maps of MST matrices were also constructed for each frequency band. Consistency refers to the probability that an edge is part of an MST considering the MST graphs of each individual epoch. The visualized MSTs of these mean matrices and the consistency matrices are shown in Figure 1 . Note that the topology of the EEG networks varies across frequency bands (see detailed statistical results below). In the delta band, temporal-posterior nodes (T4, P4) showed the 1 The Forward algorithm adds independent variables into the model as long as it significantly changes the value of explained variance. In the current analysis, other linear regression methods (Backward, Stepwise, etc.) yielded the same results. Therefore, we do not mention these alternatives.
r Functional Connectivity in the Newborn Brain r r 4023 r highest centrality values, strongest functional connections, and the highest consistency while in the theta and alpha frequency bands, fronto-central nodes (Fz and Cz) dominated these characteristics. In the faster frequency bands, the nodes of the temporal lobe displayed the highest centrality values and strongest functional connectivity. Generally, the scalp map of the MST constructed from the group-average connectivity matrix were observed to be highly overlapping with the distribution of the most consistent network edges derived from the consistency maps. Edges with high consistency in the theta and alpha frequency bands were relatively local while the highly consistent edges in the delta band network included large scale links as well. The infant FC networks are quite hierarchical in all frequency bands (see detailed statistical analysis below): they are generally organized into 3-4 hierarchical layers (see Fig. 1 ). Therefore, the functional connections of infant brain networks appear to be organized in a highly centralized manner. Figure 2 shows the group-average network measures for the actual and the referential random data, separately for each frequency band. Overall, the topological organization of the actual functional networks was significantly nonrandom. That is, relative to the control random networks, newborns' neural networks were typically strongly hierarchical (see TH), consisting of more peripheral nodes (LF), and had higher centrality measures with a combination of shorter pathways (DIAM). Further, in contrast to the random networks, the characteristics of infant FC networks differed across the different frequency bands. The statistical results comparing between actual and random networks are summarized in Table II .
Comparing Network Characteristics Between Infant FC Networks and Corresponding Random Networks
Maximal degree
The MaxDEG values were significantly higher for the infant FC networks than for the random networks (main effect of NETWORK TYPE). The BAND 3 NETWORK TYPE interaction was significant because unlike for random networks, MaxDEG significantly varied across frequency bands for the infant FC networks (P < 0.001 in all pairwise comparisons between the gamma and any other band as well as between the delta/beta and the theta/ lower-alpha/higher-alpha comparisons).
Maximal betweenness centrality
The MaxBC values were significantly higher for the infant FC networks than for the random networks. Significant BAND 3 NETWORK TYPE interaction was observed due to the frequency specific differences of MaxBC values of the infant's brain networks only. Post-hoc pairwise comparisons revealed higher MaxBC values in the gamma compared with all other bands, and higher MaxBC values for delta and beta bands relative to theta and lower, higher alpha (P < 0.001 in all pairwise comparisons except for the comparison between the delta and the upper alpha band, which yielded a P-value of 0.002).
Leaf fraction
The main effect of NETWORK TYPE was found significant due to the higher LF values for the infant FC networks compared with LF values for the random networks. Post hoc analysis of the significant BAND 3 NETWORK TYPE interaction showed that LF values significantly different across the frequency bands for the infant but not for the random networks. The gamma band LF was higher compared with that in all other frequency bands (P < 0.001 in all pairwise comparisons). The LF values in the delta and beta bands were significantly higher compared with the LF values in theta, low and high alpha rhythms (P < 0.001 in all pairwise comparisons). Note. The presence of e indicates the employment of GreenhouseGeisser correction due to sphericity violation. *** P < 0.001. 
Diameter
Relative to DIAM values observed for random networks, the infant FC networks showed significantly lower values (main effect of NETWORK TYPE). Only the infant FC networks' DIAM values varied significantly across the frequency bands (interaction of the BAND 3 NETWORK TYPE). Pairwise comparisons of the DIAM values across frequency bands showed again significantly higher values in the gamma relative to all other bands and higher values for the delta and beta, than in the alpha and theta bands (P < 0.001 in all pairwise comparisons).
Tree hierarchy
The infant FC networks were found to be more hierarchical (higher TH values) compared with the random networks (main effect of NETWORK TYPE). The BAND 3 NET-WORK TYPE interaction was significant, because TH values of the FC networks of the newborns showed differences between frequency bands. Specifically, TH values in the gamma and delta bands were significantly higher than these values in any other frequency band (P < 0.001 in all case).
The robustness of the random network construction was evaluated by the repeated permutation procedure described in section "Graph-theoretical analysis." A secondary statistical comparison between the resulting random network characteristics and the measured infant data was then performed (see section "Statistical analysis"). Random network assessment was highly robust because the Mann-Whitney U tests replicated the above described differences between the random and infant networks: all network characteristics (MaxDeg; MaxBC; LF; TH; DIAM) in all frequency bands differed highly significantly between the two types of networks (P < 0.001). Table III) . Post-hoc comparisons indicated a parietal maximum in the delta, midline fronto-central maximum in the theta, midline frontal maximum in the lower alpha, centro-temporal maximum in the higher alpha, and lateral fronto-temporal maxima in the beta and gamma bands (P < 0.001 in most comparisons, see Supporting Information Table 2 ). Table III ). Posthoc comparisons indicated temporo-parietal maximum in the delta, midline fronto-central maximum in the theta, midline fronto-central and temporo-parietal maxima in the lower and upper alpha, and lateral fronto-temporal maxima in the beta and gamma bands (P < 0.001 in most comparisons, see Supporting Information Table 3 ). Figure 4 summarize the significant results yielded by the linear regression models. For the delta band we found only one significant regression model, with GA explaining R 2 5 3% of the variance accounted for MaxBC. For the beta, and gamma bands no significant linear regression models were obtained.
Scalp Distribution of Betweenness Centrality and Degree Centrality
Relationship Between Network Characteristics and Medical/Biological Measures
Linear regression models for the theta (4.0-8.0 Hz) frequency band
In the theta frequency band, MaxDeg had R 2 5 6%, LF had R 2 5 5%, and DIAM had R 2 5 4% of the variance accounted for by Gestation Age length (GA). TH had R 2 5 8% of the variance explained by GA and Mother's height (MH). Thus, MST network characteristics in the theta band were mainly associated with GA.
Linear regression models for the lower alpha (8.0-10.0 Hz) frequency band
In the lower alpha frequency band, LF had R 2 5 5% and TH had R 2 5 4% of the variance accounted for by GA. DIAM had R 2 5 3% of the variance explained by GA. Thus, similarly to theta frequency band, MST network characteristics in the lower alpha band were mainly associated with GA.
Linear regression models for the upper alpha (10.0-13.0 Hz) frequency band
In the upper alpha frequency band, MaxDeg had R 2 5 5%, LF had R 2 5 8%, and TH had R 2 5 7% of the variance accounted for by GA. MaxBC had R 2 5 7% while DIAM had R 2 5 12% of the variance explained by GA and Mother's age (MA). Thus again, MST network Note. * P < 0.05, ** P < 0.01, *** P < 0.001. In the F row, the asterisks indicate the level of significance for the final regression model. In the b rows of the biomedical variables, the asterisks indicate the level of significance of the independent predictive power of the variable, separately.
r Functional Connectivity in the Newborn Brain r r 4027 r characteristics in the upper alpha band were mainly associated with GA, while MA has also appeared in two models. Overall, these results suggest that GA affects the properties of neonatal infant FC networks in the theta, lower and upper alpha bands (see Fig. 4 ). Collinearity measures showed no significant collinearity when two medical/biological variables appeared in the same model: tolerance, which is the percent of explained variance in independent variables not explained by other independent variables, was always greater than 1 2 R 2 , suggesting that our predictors were not redundant.
Post hoc linear correlation analysis was performed for testing whether the observed relationship between GA and some of the graph metrics of the delta, theta, lower and upper alpha band's networks could be explained by a relationship between the GA and (1) the average resting state connectivity strength, (2) the average MST network connectivity strength, and/or (3) the average spectral power. The descriptive statistics of these three measures and the correlations are shown separately for each frequency band in Supporting Information Table 4 . No significant correlation was found between GA and either one of the three measures. Thus the relationship between some MST metrics and GA could not have been mediated by specral power or networks connectivity strength.
Correlations between the average resting state connectivity strength on one hand and the average MST network connectivity strength and the various MST metrics on the other hand have been also calculated. The descriptive statistics of these tree measures and the correlation values are reported separately for each frequency band in Supporting Information Table 5 . The average resting state connectivity strength was found to be positively correlated with the nodal centrality MST metrics (MaxDeg; MaxBC) in all frequency bands. In addition, in the upper alpha band, significant correlation was observed between the average resting state connectivity strength and the MST network's DIAM and LF inidces: higher LF and lower DIAM were associated with stronger average connectivity. Thus some of the graph metrics are dependent on the global connectivity strength, but these effects are not related to the observed associations between the graph metrics and GA.
DISCUSSION
The aim of the present study was to characterize the topological organization of the human EEG-based functional networks in a large sample of healthy full-term neonates. By comparing the brain FC network topology with referential random networks, the presence of an early organization and hierarchical architecture has been demonstrated in all EEG frequency bands. The results also suggested that the FC networks of theta and alpha oscillations are characterized by a more optimal ratio between functionally segregated and integrated network topology than those appearing in the other frequency bands. We found that fronto-central and parieto-central sites appear to be the main hubs of these networks. Furthermore, some characteristics of the theta-and alpha-band FC network topologies were found to be associated with gestational age. This suggests that individual differences in the functional network organization are related to the level of cortical maturity at birth. Results are discussed in detail in the following sections.
Topology of Functional Networks in Newborn Infants
FC networks extracted from the EEG of newborn infants in quiet sleep were compared with referential random networks (constructed by randomly rewiring graphs connections). In all studied EEG frequency bands (delta, theta, lower and higher alpha, beta and gamma), the empirically obtained FC networks exhibited significantly higher maximal degree (MAXDEG) and betweenness centrality (MAXBC), tree hierarchy (TH), and leaf fraction (LF) together with lower diameter (DIAM) relative to random networks. These results suggest that the organization of the neuronal activity follows a hierarchical pattern (high TH) composed of few layers of subnetworks and some densely connected nodes (high MAXBC and MAXDEG) with the majority of nodes serving as periphery within the network (high LF). Low path length promotes long-range connections optimized for maximal processing speed, while high clustering supports a high level of local connectivity optimized for minimal wiring cost and resilience [Watts and Strogatz, 1998 ]. MST diameter positively correlates with the path length and with the clustering coefficients while the leaf fraction is negatively associated with path length and positively with clustering [Tewarie et al., 2015] . Random networks have low clustering and a short average path length while networks in a regular, latticelike configuration are characterized by high clustering and a long average path length [Bullmore and Sporns, 2009; Stam et al., 2014] . Finally, scale-free networks with starlike topology combine the lower path length compared with regular or random networks but lower clustering than regular. Scale-free networks are characterized by the relative commonness of nodes with a degree that greatly exceeds the average [so-called hub nodes; Barab asi and Albert, 1999]. Our findings suggest that the neonatal FC networks show scale-free network organizational principles, which are thus likely to be present from an early stage of the cortical connectome. It is important to note that regardless that the network size was smaller than what that was reported in studies on MST topology [i.e., Boersma et al., 2013; Tewarie et al., 2015] , the observed values of most network characteristics are comparable in terms of its value range. In the study of Tewarie et al. [2015] , changes of MST characteristics was tested for simulated regular and scale-free networks that were gradually rewired to random networks. These simulated scale-free networks possessed similar tree hierarchy (0.4), leaf fraction (0.6-0.7), and max BC (0.6) values to the current infant networks. Tewarie et al. reported that network size mainly affected the diameter and the degree MST characteristics, with higher values associated with smaller network size. The current results of the early architecture of the functional connectome is consistent with studies reporting small-world modular topological properties in infants, children, and adults [Bassett and Bullmore, 2006; Bathelt et al., 2013; Boersma et al., 2011 Boersma et al., , 2013 Bullmore and Sporns, 2009; Fair et al., 2008; Hagmann et al., 2010; Omidvarnia et al., 2014; Otte et al., 2015; Power et al., 2010; Supekar et al., 2009; Tymofiyeva et al., 2013] .
We also found that the topology of the FC networks obtained for the theta and alpha frequency bands characteristically differed from those of the other frequency bands suggesting the emergence of distinct FC networks already at birth. The networks in the theta and alpha bands displayed lower level of MaxBC, TH, and LF with higher DIAM relative to the gamma-, beta-, and deltaband networks. The alpha and theta networks also exhibited high consistency over fronto-parietal connections across trials with higher percentage of short-distance edges relative to the other frequency bands. These results indicate that theta-and alpha-band FC networks are shifted toward the regular network topology with more ordered chain-like configuration and higher level clustering. This topology favors the segregation of subnetworks. Therefore, these functional networks are better suited for local processes versus the networks working in the other bands. Concordant to our results, Omidvarnia et al. [2014] obtained evidence supporting a similar frequency-specific network organization. Specifically, they found that for theta and alpha oscillations, the level of clustering in the precentral regions and general modularity were higher in full-term relative to preterm newborns, suggesting developmental changes during late gestation at these frequency bands. Oscillations in different frequency bands are often linked to different physiological mechanisms: slower oscillations associated with variation in large-scale excitability (probably through neuromodulation; Miller et al., 2009) , while higher-frequency oscillations were reported to correspond to local field potentials [Buzs aki and Draguhn, 2004] . It has been proposed that the emergence of discrete bands in infancy and childhood may reflect the maturation of distinct cortical generators producing the observed rhythms [Bollimunta et al., 2011] and the processes of synaptogenesis and pruning [Kurth et al., 2010; Tarokh et al., 2010 Tarokh et al., , 2011  for review see Uhlhaas et al., 2009] .
Topography of Functional Networks in Newborns
The observed high nodal centrality (MaxBC and Max-DEG) of the newborn brain networks indicates that most information is routed via a few central nodes. These hub nodes serve the integration of the functional networks. Midline frontal, central and posterior electrodes displayed the highest BC and DEG values in the lower frequencyband (delta to low alpha) MSTs. Lateral temporal electrodes were most likely to serve as hubs in the MSTs for faster bands (beta and gamma bands) with the high-alpha band BC and DEG showing an intermediate scalp distribution pattern. It is important to note that the spatial resolution of the present EEG recording was limited and there were no measurements from occipital sites, which may hamper the importance of the observed regions. However, clear spatial differences between hub nodes for low versus high frequency oscillations were seen, which are unlikely to have been produced by the limitations of the measurements. Analysis of MST graphs on a large sample of EEG data (N 5 227) recorded from 5 to 7 years old children showed similar fronto-parietal dominance of BC and DEG, and the connectivity strength further increased between these hub nodes during development [Boersma et al., 2013] . The hub regions observed here also overlap with both structural and functional hub regions as reported for the adult brain [Bullmore and Sporns, 2009; Hagmann et al., 2008; Hoff et al., 2013] . This suggests an early presence of connectivity hubs in the human brain. Our results are compatible with evidence about the topography of FC in pre-and full-term newborns [Omidvarnia et al., 2014] . These authors showed that the anterior region exhibits the strongest clustering and DEG in the theta and low alpha frequency bands. The crucial role of hub nodes in development is supported by findings showing that frontal and parietal areas might be affected in neurodevelopmental disorders, such as autism [Courchesne and Pierce, 2005; Just et al., 2012] and attention deficit/hyperactivity disorder [Tomasi and Volkow, 2011 for reviews see Uhlhaas et al., 2009 Uhlhaas et al., , 2010 .
Developmental Changes of Functional Networks Topology
From the investigated variables of prenatal influences and general clinical risk factors, only gestation age was found to be consistently associated with the FC network characteristics, and only in the theta and alpha bands. The relationship between GA and FC network organization metrics was independent of effects of the spectral power or the average strength of connectivity. Thus, reorganization of functional connectivity may provide a sensitive biomarker during the last trimester of the prenatal life. Linear regression analysis showed that functional networks of more mature infants (longer prenatal development, as measured by GA) were less centralized (lower leaf number, MAXDEG, and MAXBC) and less hierarchical (longer DIAM) than of infants with shorter prenatal development. Larger diameter and lower leaf number both point to a more chainlike, elongated shape of the MSTs. In other words, more mature infants are ahead in terms of resting state network topology, having more decentralized network organization than infants with shorter prenatal development time. Thus, it appears that the human connectome is mainly star-like during the late prenatal development. Possibly at about the time of birth, its functional specialization increases through improved effectiveness of information transfer between neighboring nodes. These connectivity changes may reflect intermediate costefficient topology that optimizes communication without overloading central nodes by segregation of sub-networks that subserve different functions and integration of areas involved in the same function. The observed early architecture of the functional connectome is consistent with recent studies showing a small-world organization of the infant functional brain networks as derived from EEG recordings [Bassett and Bullmore, 2006; Bullmore and Sporns, 2009; Fair et al., 2008; Hagmann et al., 2008; Omidvarnia et al., 2014; Power et al., 2010; Supekar et al., 2009; Tymofiyeva et al., 2013] . In sum, the current findings suggest that developmental changes of FC occur as early as the third trimester of gestation (36-41 week). It is important to note that the observed relationship between gestation age and network topology was rather weak (explaining 5%-12% of the variance, only). Therefore, several other factors likely influence the organization of functional brain network at this early age.
The maturation of body systems of the human fetus including the brain's connectome genesis during the last trimester of gestation are regarded as a critical period of prenatal ontogenesis [see Fransson et al., 2007; Uhlhaas et al., 2010] . Myelination is one of the core developmental events in the late prenatal period by which maturation of the neuronal fibers in the neuronal feedback loops are realized and the signal transmission speed increases [Bollimunta et al., 2011; Cayre et al., 2009; Goldman et al., 1997] . Thus, one may hypothesize that structural and functional connectivity between regions develops similarly with the maturation of the neuronal fibers in these areas. Our speculation regarding the early development of FC network topology during this period may thus reflect, to some extent, anatomical maturation processes.
Previous cross-sectional studies investigating the strength of cortical coupling in relation to prenatal development reported stronger FC in fronto-central and temporal regions in the delta and theta bands [Dulce et al., 2007; Gonz alez et al., 2011; Omidvarnia et al., 2014] in full-term compared with preterm infants. Further, weaker coupling of the posterior areas in the delta band and lower intra-hemispheric FC in the theta and alpha bands were observed in full-term than in preterm neonates [Batuev et al., 2008] . However, the few existing longitudinal studies measuring FC topology in full term healthy newborns showed somewhat different associations with gestational age. For instance, alpha-band FC was found to be weakening over time between frontal and parieto-temporal electrode locations, while increases in fronto-occipital FC strength was associated with low medical risk and optimal neurobehavioral measures [Duffy et al., 2003] . Consistently, a follow-up study of preterm infants reported weakening functional coupling in the theta and delta bands with gestation age and postnatal maturation while more mature infants displayed stronger coupling at higher frequencies at occipital recording sites [Meijer et al., 2014] . These discrepancies between the findings of crosssectional and longitudinal studies could be explained by the assumption of Thatcher [Thatcher et al., 2008; Thatcher, 1992] , who suggested that development in children is programmed in cycles with periods of increasing and decreasing coherence which have different on-and offsets in different regions. The current results are compatible with this hypothesis.
We speculate that the gradual decentralization of the neuronal networks with maturation may be related to the emergence of functional specialization of regions (such as the primary sensory cortical areas). This would appear in the EEG measures as a weakening of the strong FC connectivity of the most overloaded hub regions in the r T oth et al. r r 4030 r midline fronto-posterior areas (indexed by decreasing BC and DEG) after prenatal development, in line with the previously observed weakening of both long-range and local posterior connectivity [Batuev et al., 2008; Duffy et al., 2003; Meijer et al., 2014] . Pruning or elimination of some non-optimal connections may underlie this developmental change. This idea also is compatible with the suggestion by Thatcher who argued that development involves local excessive production of synaptic connections followed by pruning of the unused connections [Thatcher et al., 2008; Thatcher, 1992] .
LIMITATION AND FUTURE DIRECTIONS
The present study provided data describing the general characteristics and developmental changes in global network integrity of the neonatal brain. Nevertheless, some of the technical limitations should be stated. The present results are based on the topology of a subset of the strongest connections. This does not mean the other connections are not functional during resting-state brain activity. We constructed the resting state graphs via the MST algorithm (which uses proportional thresholding to ensure fixed node density across networks). A recent study demonstrated that proportional thresholding may affect network characteristics (Van den Heuvel et al., 2017) . These authors found that lower overall FC levels may lead to differences in network efficiency between the two thresholding procedures: compared with absolute thresholded networks, in proportional thresholded networks, there is a higher probability that some edges result from spurious connections, resulting in higher randomness of these networks. Indeed we have found significant effects of the average resting state connectivity strength on some graph metrics. However, because the average FC strength was not significantly correlated with GA, proportional thresholding did not systematically bias the observed associations between some graph metrics and GA.
Most studies assessing infant brain activity by electrophysiological means (including the current one) have limited spatial resolution and coverage due to practical limitations [Tokariev et al., 2015] . As a result, the networks consists of small number of nodes, which certainly limits the scope of inferences regarding the general topological characteristics of the networks in newborns. Similarly, lack of full coverage limits inferences about the topographical aspects of the networks. The length of analyzed EEG segments may limit the amount of variance of delta rhythm captured relative to higher frequency bands. Lower consistency of the scalp distribution of the delta-band measures may be attributed to this fact. It has been reported that longer epoch length results generally in lower connectivity values [Fraschini et al., 2016; Van Diessen et al., 2015] . However, it has also been shown that MST parameters are relatively robust to (nearly unaffected by) epoch length changes [Fraschini et al., 2016] . Therefore, these measures are likely undistorted by the epoch length. Further, using a common reference may confound some phase-related indices. However, the PLI measure works better than other coherence based measures in detecting reliable and robust phase coupling with the common reference derivation [Stam et al., 2007] .
Neural network analysis may provide a functional biomarker for monitoring clinical conditions in newborn infants. Future studies may wish to validate the observed network architecture of newborns using non-stationary multivariate signal processing, such as the generalized phase synchrony analysis [Omidvarnia et al., 2013] . Further longitudinal studies are needed to establish the relationship between early brain network organization and later neurocognitive development, while simultaneous fMRI and electrophysiological recording could potentially improve our understanding of the joint development of structural and functional connectivity of the infant brain.
